Research into Haemophilus influenzae, a commensal and pathogen of humans, has resulted in major scientific contributions to biology. The first endonucleases (restriction enzymes), which paved the way for the new genetics, and the DNA used to obtain the first complete genome sequence of a free-living organism were obtained from H. influenzae. Prevention of invasive bacterial infections of infants, such as meningitis, has been achieved using a novel class of vaccines, of which the glycoconjugates of H. influenzae were the first to be licensed. Originally fallaciously proposed to be the aetiological agent of epidemic influenza, now known to be caused by a virus, H. influenzae is a pathogen of global public health importance. Research into the pathogenesis of the infections it causes (for example, meningitis, septicaemia, pneumonia and otitis media) are case studies in understanding the molecular basis of the variation in gene expression and gene sequences that are critical to its commensal and virulence behaviour and for the strategies that can be pursued to prevent H. influenzae diseases through vaccines.
Introduction
In the First Griffith Memorial Lecture, entitled 'Genetic Transformation: a Retrospective Appreciation', W. Hayes described Fred Griffith '...as a shy and reticent man, whose quiet kindly manner, and his devotion to his job, made him a lovable personality to those few who got to know him. Outside his work he found pleasure in ski-ing and in walking on the Sussex Downs where he had built a cottage. Like his elder brother Stanley, who died only a few days before him, he was a medical microbiologist whose primary and abiding interest, and his life's work, was the epidemiology of infectious disease. He believed that a proper understanding of epidemiological problems could come only from more detailed and discriminating knowledge of infectious bacterial species, and of the nature of bacterial virulence and variation' (Hayes, 1966 ).
Griffith's discovery of natural transformation in the pneumococccus inspired the discovery of the role of DNA, the transforming principle (McCarty, 1985) , in heredity. It is a matter of profound importance and fascination that information specifying the variations in shape, size, colour, and other attributes of organisms are stored in and transmitted to progeny by sequences of nucleic acids. But the diversity of life forms is extraordinary and it is the heritability of differences in the nucleotide sequence of DNA or RNA that underlies the evolution of natural variation in all living organisms. In this lecture, I would like to return to the themes of virulence and variation that featured in William Hayes' inaugural lecture but in the context of Haemophilus influenzae, which has been my major research interest. Why so much time devoted to the biology of one bacterium? After all, one could argue that many of its individual properties will be special and not generally applicable to other organisms. However, I hope to persuade you that natural variation of H. influenzae is the key to understanding its success as a commensal and its potential as a pathogen, and that these insights may have broader implications for understanding the commensal and virulence behaviour of other bacterial species. Further, antigenic diversity is highly relevant to our efforts to prevent disease through vaccines.
First, some brief introductory comments about H. influenzae (Hi). Griffith's experiments on transformation secured a firm place in biomedical history for the pneumococcus. I suggest that Hi also deserves a place on the podium alongside its illustrious co-inhabitant of the human upper respiratory tract. For example, the endonucleases obtained from Hi catalysed the 'new genetics', and subsequently the genome sequence of Hi strain Rd revolutionized biology and ushered in the genomic era. Other facts worthy of mention are that Hi was only the second example of natural transformation, and coincidentally the first demonstration of conferring antibiotic resistance (to streptomycin) through DNA (Alexander & Leidy, 1953) . Further, one of the earliest documented examples of the use of a sulphonamide in clinical practice was the treatment of a severe case of Hi invasive disease (Carithers, 1974) . Some important milestones in Hi research are summarized in Table 1. H. influenzae is a specialist commensal and pathogen of humans secondary invader following a variety of virus infections. But what was not adequately appreciated until much later was that Hi is first and foremost an extremely common commensal of the human upper respiratory tract of normal, healthy individuals. Nonetheless, through contiguous spread from the nasopharynx, commensal Hi commonly become pathogenic and cause otitis media, sinusitis and pneumonia, especially in individuals where the clearance mechanisms of the respiratory tract are compromised. More rarely, Hi can invade the blood, resulting in bacteraemia, even septicaemia, and disseminate to distant sites such as the meninges or the synovia of joints. In general, these serious invasive (bacteraemic) infections are caused predominantly by encapsulated strains and, remarkably, these systemic infections are almost invariably caused by type b strains. For poorly understood reasons, the type b capsular polysaccharide, ribosyl-ribitol phosphate, confers heightened virulence properties upon Hi, pathogenic properties that are denied to strains that lack this capsule or synthesize one of five other structurally defined capsular polysaccharides (Moxon & Vaughn, 1981; Zwahlen et al., 1989) . Despite the importance (from the public health perspective) of its pathogenic properties, survival of the species Hi is not dependent upon the ability to cause disease because the vast majority of bacteria that enter the blood or spread to the lung or middle ear come literally to a dead end. Rather, the most important evolutionary factors are those that determine its success as a commensal -its capability to reside in the nasopharynx and spread between humans. Disease is apparently incidental or accidental to the life history of Hi.
H. influenzae pathogenicity is a function of its fitness
In considering the evolution of Hi virulence, it makes sense to consider that the biological basis of its pathogenic behaviour stems from the strategies adopted by Hi to maintain its basic reproductive rate through residence within and spread between its obligate hosts, humans. Although complex, the biology of Hi, indeed of any organism, can be simplified: either you survive or you do not. Over time, any organism must face the challenges of its immediate environments (animate or inanimate) to its fitness. Fitness can be defined quantitatively by an organism's basic reproductive rate (R 0 ). The size of R 0 is given by the ratio of the number of surviving progeny to the number of founder cells of the bacterial population. Clearly, when R 0 falls below unity, any given bacterial population will decline and will ultimately be extinguished. The higher the value of R 0 , the fitter are the bacteria that constitute the population. The strategies evolved by bacterial pathogens to attain R 0 .1 are often captured in a metaphor which refers to their genetic intelligence, a reflection of how evolution, over time, effects a balance between the mechanisms of genome variation and genome stability. Natural selection acts so as to trade off genome stability against genome variation to achieve fitness, a reflection of the immense power of natural selection, apparently purposeful, but in fact blind. This evolution occurs over very long periods of time, during which the content and organization of bacterial genomes are shaped by loss and gain of DNA. There are no species barriers to genetic exchange in bacteria as there are, for example, in mammals: bacterial sex through recombination is uncoupled from replication. Over shorter time periods (hours, weeks or months) within-host adaptive behaviour of bacterial populations is largely determined by intragenomic gene variation and changes in gene activity rather than acquisition of novel DNA.
Population biology of H. influenzae
From an ancestral bacterium, rare mutations occur in progeny cells but if acquisition of DNA by lateral transfer events does not occur, then over time the species population retains a clonal structure. Hi is one of several commensal pathogens that are naturally transformable and this, as well as mechanisms such as conjugation and transduction, can result in lateral transfer of DNA. Acquisition of small DNA sequences, much less than the size of a gene, but also larger elements such as ICE Hin 1056 and pathogenicity islands (Mohd-Zain et al., 2004) , have been well documented. Such DNA acquisitions may enhance fitness and this selective advantage increases the frequency distribution of particular genotypes in the population. The population structure is affected not only by these intergenomic DNA transfers but also by periodic extinctions of genotypes that are not fit (most DNA changes are deleterious) or through population bottlenecks associated with human-to-human transmission. Thus, constructing the long-term phylogeny of Hi over time is complicated by recombination and extinctions and is reflected in the non-clonal (panmictic) population structure of the Hi species. Although strains elaborating each of the six capsular polysacchides exhibit a more clonal population structure, perhaps reflecting their shorter evolutionary time frame (Musser et al., 1988) , multilocus enzyme electrophoresis, ribotyping and multilocus sequence typing each independently indicate that the majority of Hi strains have undergone frequent recombination (Meats et al., 2003) . In one analysis of a collection of carriage and disease isolates there was abundant evidence of recombination based on mosaic sequences, linkage equilibrium between loci and a lack of congruence between gene trees . More recently, further insights into the composition, organization and variation of Hi have been obtained through complete genome sequences of many different strains. The DNA of these different genotypes comprises core sequences (found in all strains of the species), dispensable sequences (those found in more than one strain but absent from one or more strains) and unique sequences (found in only one strain). For each new genome sequenced, some 2 % of sequences fall into the unique category, indicating that the species Hi has an 'open' genome of unlimited and cumulative novelty as distinct from species in which the genome sequences of a subset of strains define the pangenome (Medini et al., 2005) .
H. influenzae adapts to its host through gene regulation and gene variation
Adaptation of microbes to their host environment involves two genetic mechanisms: gene regulation or gene variation (Hood & Moxon, 2002) . A substantial proportion of research on bacterial pathogens in the past two to three decades has been devoted to investigating how microbes detect molecular signals emanating from host tissues and how these are transduced so as to effect adaptive phenotypic changes to the population of bacterial cells. Factors such as osmolarity, pH and available nutrients influence pathogenic potential by affecting the production of virulence determinants and by controlling growth rate. For example, upon contact with a host cell, many bacterial pathogens increase the transcription of virulence genes in a deterministic fashion. Indeed, it has been proposed that expression of virulence factors may depend upon the microbial population reaching a certain density so as to trigger the elaboration of signalling molecules e.g. Nacylhomoserine lactones (Williams, 2007) .
Complete genome sequences of several Hi genomes indicate that Hi has limited potential for adaptation through classic signalling systems such as two-component histidine kinases and does not possess homologues of genes for quorum sensing (Fleischmann et al., 1995) . However, there is a striking number of hypermutable DNA sequences, predominantly tetranucleotide repeats (Hood et al., 1996b) , which undergo slipped-strand mispairing so as to generate phenotypic diversity through frame-shifts in genes, for example those involved in lipopolysaccharide (LPS) biosynthesis and iron acquisition. In addition, there are at least two examples of tandem DNA repeats that modulate transcription of the fimbrial (van Ham et al., 1993) and HMW adhesins (Dawid et al., 1999) . These genetic loci, many of which exhibit phase variation (highfrequency, reversible on-to-off/off-to-on switching) have been called contingency loci to emphasize their potential to enable at least a few bacteria in a given population to adapt to the unpredictable and precipitous changes in the host environment (Moxon et al., 1994) . These combinatorial variations in phenotype have major implications for both commensal and virulence behaviour through their effects on microbial-host adherence, immune evasion and acquisition of nutrients. There is also evidence for gene regulation through variable methylation mediated by DNA repeats located in a type III restriction-modification system (Srikhanta et al., 2005) .
H. influenzae LPS is a determinant of commensal and virulence behaviour
The role of LPS in the adaptive behaviour of Hi is an exemplar of the interplay of gene regulation and gene variation in microbial-host interactions and has important consequences for commensal and virulence behaviour. LPS is the most prevalent component of the Hi cell envelope and confers important properties on the outer membrane. It facilitates the influx of essential nutrients while acting as a barrier to many potentially toxic molecules. It is essential for the efficient surface assembly of proteins that control, for example, cation or anion channels. LPS is also implicated in every phase of Hi pathogenesis: colonization, evasion of host clearance mechanisms (innate and acquired) and tissue injury. The availability of the whole genome sequence of Hi strain Rd in 1995 (Fleischmann et al., 1995) facilitated enormously progress on the genetics of LPS biosynthesis of this commensal pathogen. The majority of episodes of the important and common disease otitis media are caused by capsule-deficient (non-typable: NT) Hi strains. The genome sequence of strain Rd allowed identification of core biosynthetic genes, for example those required for making lipid A and conserved core sugars (inner core) as well as the glycosyltransferases responsible for the highly variable outer core sugars, such as sialic acid, and several non-sugar additions such as phosphoethanolamine, phosphorylcholine, glycine and acetate. The sequenced genome of strain Rd indicated that the content and organization of the LPS genes of Hi are sporadically distributed compared to the more discrete clustering of LPS biosynthetic genes typical of the Enterobacteriaceae (Hood et al., 1996a) . The legacy of LPS biosynthetic gene discovery through genomics, together with the construction of defined mutants, opened the door to obtaining fine-structural details of LPS and revealed the extraordinary heterogeneity of LPS glycoforms that are a hallmark of Hi (Schweda et al., 2007) . This variability is mostly attributable to diversity of outer core sugars and substituents of the inner core. The inner core consists of lipid A, a single phosphorylated Kdo (2-keto-3-deoxyoctonic acid; systematic name 3-deoxy-D-manno-2-octulosonic acid) and a conserved triheptose backbone (Fig. 1) . A detailed analysis of an epidemiologically diverse collection of encapsulated and NT strains of Hi, made up of both carriage and disease (otitis media) isolates , has shown that this LPS diversity is the result of several mechanisms: allelic variation, the acquisition of distinct transferases, phase variation and non-stoichiometric additions of molecules such as phosphorylcholine.
A particular challenge lies in determining the biological relevance of this LPS variation.
Sialylated LPS glycoforms are a virulence determinant of H. influenzae
To illustrate the importance of understanding how knowledge of LPS structure informs biological function, I now turn to the role of sialylated glycoforms as an exemplar. When mutations in genes required for sialylation of LPS were introduced into several genetically distinct NT Hi and these mutants were compared to the wild-type in an animal model (chinchillas) of acute otitis media, drastic attenuation was observed . Further, this attenuation occurred in strains where the sialylated glycoforms of the wild-type were different. For example, in strain 486, Neu5Ac is found as a monosialylated glycoform, whereas in contrast, in strain 375, Neu5Ac is present in the di-sialylated form (Fig. 1) . The mechanism of LPS sialylation in pathogenicity was investigated and it was shown that Neu5Ac interferes with the binding, activation and immune clearance of Hi effected by complement components (Figueira et al., 2007) . However, a further key finding was that sialylation of Hi LPS is apparently dependent upon scavenging the required precursors from the host because the genes for the early steps in sialic acid biosynthesis in Hi are absent (Vimr et al., 2000) . As well as being a component of the LPS of all strains for which detailed structure is known, Neu5Ac is a potential carbon and energy source (Vimr et al., 2000) . It has been shown that Hi acquires Neu5Ac during experimental infection of chinchillas, making it a potential source of carbon and energy to the bacterium in vivo . So, how does Neu5Ac contribute to the fitness of Hi? After all, I have argued that although it is important to understand the molecular mechanisms underlying pathogencity, this proximate insight must also be consistent with an ultimate contribution to fitness. This is the major aim of our present investigations. In particular, at least one of the several sialyltransferases (Lic3) is phase variable (Hood et al., 2001) , suggesting that there is a selective advantage to Hi if it can hedge its bets on whether it sialylates its LPS (Sia + or phase ON) or not (Sia 2 or phase OFF). A reasonable hypothesis is as follows. Colonization of the nasopharynx would be favoured by Sia 2 organisms, since the more negatively charged surface of Sia + organisms would downregulate interactions with host epithelial cells. However, virus infections leading to inflammation (nasopharyngitis) are a common event and under these circumstances, the Sia + organisms would have a fitness advantage since their clearance would be reduced as in the chinchilla studies cited above. Experiments are needed to confirm or reject this hypothesis, in which the evolution of variable sialylation and the propensity of sialylated glycoforms to cause diseases are traded off against the fitness advantage to the organism's survival.
The generation of population diversity through mutation is an important source of variants upon which selection can act to increase fitness, but as a strategy it is inherently wasteful; most variants are not selected. In contrast, gene regulation offers a prescriptive strategy for adaptation. When changes are encountered in the environment, bacterial cells can sense these changes and bring about a coordinated change in gene activity. The regulation of genes for sialometabolism in Hi affords an exemplar of this form of host adaptation. We used a whole-genome microarray to investigate the interplay between utilization of Neu5Ac for catabolism and sialylation of LPS . When we compared the transcriptome of Hi that was grown in either the absence or the presence of an exogenous source of Neu5Ac, we found that the presence of Neu5Ac downregulated the transcription of a set of nine contiguous genes (designated the sialometabolism locus). The sialometabolism locus is organized such that six genes are transcribed in one direction (five genes required for Neu5Ac catabolism and one regulatory gene) and three genes are transcribed in the opposite direction. Two of these code for proteins of a tripartite ATP-independent perisplasmic (TRAP) transporter (Severi et al., 2005) and one gene (HI048) is a homologue of Escherichia coli NanM, a Neu5Ac mutarotase (Severi et al., 2008) . Between the divergently transcribed catabolism and transport genes, there is an intergenic, non-coding region (353 bp) containing a consensus CRP (catabolite repressor protein) binding site Johnston et al., 2007) . The transcriptional downregulation of both transporter and catabolic genes, observed using DNA microarrays, was confirmed and quantified by q-PCR and indicated an important signalling role for Neu5Ac in the regulation of sialometabolism. Indeed, the sialometabolism locus is highly conserved in Hi strains despite the well-documented inter-strain variability in other genes that determine the location of Neu5Ac on the glycoform extensions from the three heptoses that make up the backbone of the Hi LPS core (Schweda et al., 2007) . The mechanism(s) by which exogenous Neu5Ac alters transcriptional activity is not yet undertood. Given that Hi lacks nanR, the gene that encodes a negative transcriptional regulator of sialometabolism genes from the nanA promoter in E. coli, siaR has been thoroughly investigated (Johnston et al., 2007) . SiaR possesses a helix-turn-helix DNA-binding domain, a characteristic associated with regulatory proteins, and binds to the intergenic region. Based on RT-PCR and q-PCR, disruption of SiaR increases transcription of both uptake and catabolic genes of the sialometabolism locus. It was found that mutation of siaR resulted in up to a 19-fold increase in expression of sialometabolism genes (Derek Hood, personal communication) . A reasonable hypothesis is that the SIS domain present in the SiaR protein could be a binding site for Neu5Ac or perhaps other related sugars (e.g. N-acetylglucosamine or glucosamine 6-phosphate) that activate(s) the repressor activity of SiaR. In contrast to SiaR, which affects both catabolic and transporter genes, CRP is a positive transcriptional regulator of Neu5Ac uptake, but has much less effect upon the catabolic genes. The more relevant selection pressures contributing to the evolution of LPS sialylation and its regulation are likely to be a function of Hi fitness for carriage and transmission rather than its role in disease.
Prevention of H. influenzae diseases by immunization
From the public health perspective, Hi diseases are a major cause of mortality and morbidity, especially in young children (Moxon & Murphy, 2000) . As emphasized earlier, type b strains cause serious invasive (bacteraemic) infections, including meningitis. One of the success stories of modern vaccinology has been the development of successful polysaccharide-protein conjugate vaccines that induce protective antibodies to the type b capsule. These vaccines not only prevent Hi type b disease, even in very young infants, but also confer indirect protection by reducing carriage (herd immunity). Important factors in the success of these conjugate vaccines are that serotype b strains (those that have a capsular polysaccharide composed of ribosyl-ribitol phosphate) exercise a virtual monopoly in the epidemiology of life-threatening Hi bacteraemic infections, that this capsular polysaccharide is necessary for the heightened virulence potential of Hi and that the key protective epitopes of the capsule are conserved.
However, capsule-deficient, or non-typable (NT) Hi are also a major cause of upper (e.g. otitis media) and lower (pneumonia) respiratory tract infections in all parts of the world (Murphy, 2003) . In particular, acute lower respiratory infections are a major killer in the very young in socio-economically deprived countries and otitis media is the commonest reason for the prescription of antibiotics in developed nations. What about a vaccine against NT Hi diseases? Sialic acid might seem to be an obvious candidate, arguing along parallel lines to the success of vaccines based on the type b capsular antigen. But there are compelling reasons why Neu5Ac will not be a potentially successful vaccine candidate. In contrast to the type b antigen, the conformation and location of Neu5Ac is highly variable (Fox et al., 2006; Hood et al., 1999; Jones et al., 2002; Schweda et al., 2007) . A further serious drawback is the potential mimicry of Neu5Ac of host glycoproteins and glycolipids (Schweda et al., 2007) . Vaccine development requires a judicious appraisal of virulence and variation. Thus, I will end where I began: Fred Griffith '...believed that a proper understanding of epidemiological problems could come only from more detailed and discriminating knowledge of infectious bacterial species, and of the nature of bacterial virulence and variation'.
